Abstract: Microbial production of medium-chain-length poly(3-hydroxyalkanoates), PHA MCL from crude fatty acids mixture was investigated. With ammonium as the growth limiting substrate, fatty acids mixture from saponified palm kernel oil (SPKO) supports good growth and PHA MCL production of Pseudomonas putida PGA1. Growth of this microorganism on ammonium exhibited substrate inhibition kinetics which can be described using Andrews model with the substrate inhibition constant,
INTRODUCTION
Poly(3-hydroxyalkanoates) (PHA) is a polymer of biological origin produced by a wide variety of microorganisms. The biopolymer has similar characteristics as the petrochemical derived plastics (Hocking and Marchessault, 1994) . It has a huge potential of being an alternative to the synthetic plastics in numerous applications which is further made attractive by the fact that the PHA is readily biodegradable. There are two major groups of PHAs: the short-chain-length PHA (PHA SCL ) with five or less carbon atoms, and medium-chain-length PHA (PHA MCL ) with six or more carbon atoms. Only the PHA SCL have been commercially produced up to 500 tons year 21 , which was manufactured by Monsanto (Kellerhals et al., 2000) .
The PHA MCL is yet to make a significant impact as a viable choice due to the fact that it is very expensive to produce this polymer in bulk amount even for material testing purposes. To date, the final PHA MCL yield and content obtained is relatively lower compared to those of PHA SCL , which hampered development of its applications (Lee et al., 2000) . PHA MCL copolymers can be produced using a variety of substrates including plant oils. Due to their long carbon number, these substrates have high energy content which is excellent for good cell growth and energy metabolism. The variation in the composition of plant oils directly influences the monomer composition, which allows production of PHA MCL with a wide range of material properties. Preliminary studies on the production of PHA MCL from renewable and cost-effective substrates like palm oil, palm kernel oil and their major fatty acids fractions by Pseudomonas putida have been reported (Tan et al., 1997) .
PHA accumulation by bacteria is a response to the imbalance in growth environment, with excess carbon source and simultaneous limitation of nutrients such as nitrogen, phosphorus, oxygen, magnesium and so on, this physiological condition can be exploited in the fermentation process to achieve high yields and productivity. Ammonium ion is usually chosen as the limiting nutrient as it is relatively easier to make a bacterial culture ammonium-limited than other mineral ions; in addition to the growth of microorganisms is more dependent on nitrogen, it is also assimilated more rapidly than are other mineral ions (Suzuki et al., 1986a) .
Several PHA MCL production strategies in the bioreactor such as batch and continuous (Durner et al., 2001; Jung et al., 2001) , fed-batch (Beom, 2002 ) and high-cell-density process (Lee et al., 2000) under various cultivation conditions have been described. Crude plant oils, which are renewable and economical, are excellent fermentation feedstock for biomass growth and PHA MCL production by microorganisms, owing mainly to their highly reduced nature and structural similarity to the PHA MCL itself. The work presented here details the investigation on the production of PHA MCL in batch and fed-batch bioreactor using crude fatty acids mixture from palm kernel oil, namely the saponified palm kernel oil (SPKO), as sole carbon and energy source. Important aspects e.g., effect of SPKO concentration on the volumetric oxygen transfer coefficient (K L a), effect of limiting substrate (ammonium) on growth, effect of carbon-to-nitrogen (C/N) ratio on PHA MCL production and kinetics of fatty acids mixture utilization were studied to better understand the bioprocess and to provide useful guidelines in a rational process design.
METHODS AND MATERIALS

Microorganism
Pseudomonas putida PGA1 strain was a gift from Professor G. Eggink of the Agrotechnological Research Institute, Wageningen, The Netherlands.
Medium Composition
Medium for both inoculum cultivation and bioreactor studies was the mineral salt solution containing (in g L 21 ): 5.74 K 2 HPO 4 , 3.7 KH 2 PO 4 , 1.0 ml trace elements (MT) solution (Lageveen et al., 1988) , 10.0 ml 0.1 M MgSO 4 . 7H 2 O. Saponified palm kernel oil (SPKO) was supplied as the sole carbon and energy source with NaNH 4 HPO 4 . H 2 O as the limiting nutrient. Saponification of palm kernel oil (PKO) was carried out according to Tan et al. (1997) . PKO is the extract from the nut of the oil palm (Elaeis guineensis Jacq.) fruit. The oil consists of a mixture of C6 -C18 : 2 fatty acids with approximately 82% saturated fatty acids and 18% unsaturated fractions (Table 1) . The same medium composition was used for inoculum and fermenter cultivations to reduce or eliminate lag period.
To avoid precipitation during autoclaving, solutions of magnesium salt, trace elements and SPKO (pH 7.0) were sterilized separately before adding to the rest of the medium components.
To grow significant amount of biomass without PHA MCL production, rich medium was used, which consists of (g L (Hori et al., 1994) .
Inoculum
The inoculum was grown in shake-flasks at 308C and 250 rpm rotation. During active growth at 18 h, the whole content of the flask was used to seed the bioreactor. This corresponds to biomass dry weight of 0.10 -0.14 (+14%) g L
21
.
Bioreactor
Fermenter experiments were performed in a Biostat w B 3-litre fermenter (B. Braun Biotech International). A round bottom culture vessel (Type B2) made of borosilicate glass and stainless steel equipped with an outer thermostat jacket was used. The main geometric characteristics of the fermenter are shown in Table 2 . Temperature, pH and partial oxygen pressure (pO 2 ) were measured, monitored and controlled by a digital system. Table 1 . Fatty acids composition of palm kernel oil (Elson, 1992 
The estimation of volumetric oxygen transfer coefficient, K L a was carried out in a batch bioreactor using static gassing-out method. The aqueous phase consisted of actual composition of the fermentation medium in 1.0 litre distilled water. Increasing SPKO concentrations i.e., (g L 21 ): 1.0, 5.0, 10.0, 15.0 and 20.0 were tested. As a control, K L a value of distilled water was also determined under similar operating conditions. The aqueous medium was first deoxygenated by sparging gaseous nitrogen until all traces of oxygen was stripped away. Then air was sparged into the bioreactor at 0.6 L min 21 and at 600 rpm agitation rate. The increase in the oxygen partial pressure (%pO 2 ) was recorded at regular intervals until readings become almost constant which indicated the saturation of the liquid medium with oxygen.
The K L a was determined using the relationship:
where C L Ã is the %pO 2 saturation value and C L is the %pO 2 in the aqueous medium. Upon integration, equation (1) 
Plotting of ln (C L Ã 2 C L ) versus t yields a straight line with the K L a value determined directly from the slope.
Electrode Response Time
The main disadvantage of the calculation of K L a using static gassing out method is the slow response time of the electrode changes of oxygen concentration in the liquid. Response time is defined as the time required by the electrode to measure 63% of the global value of the change in the concentration of oxygen and it is related to the diffusion of oxygen through the membrane of the electrode. In order for the measured values to be sufficiently reliable, the response time of the electrode must be smaller or equal to 1/K L a (Montes et al., 1999) . Therefore, an estimation of the response time of the oxygen electrode (Mettler-Toledo 12/200 A Type) used throughout the experiments was made by measuring the variation of oxygen concentration after the electrode was moved from a saturated aqueous solution of nitrogen to a saturated oxygen solution. The results indicate that 63% of oxygen saturation was reached at 31.9 (+2.2) s and 100% was reached at around 67.6 (+1.5) s. Thus, only values of K L a less than 0.03125 s 21 should be considered reliable when using this electrode.
Ammonium Ion Inhibition Studies
A rapid and simple batch experiment using shake-flasks based on initial ammonium concentrations was carried out. Each ammonium ion concentration was prepared in triplicate shake-flasks with the SPKO supplied at 5.0 g L 21 in the mineral salt medium. In order to eliminate the lag period upon cells transfer to the medium with the respective ammonium concentrations, inoculum was grown using the same medium composition with 0.4 g L 21 ammonium and 10.0 g L 21 SPKO. Three flasks containing the inocula were incubated for 24 h. Cells were aseptically harvested by centrifugation and washed twice with saline solution to get rid of the residual ammonium. Cells pellet from the three flasks was mixed and re-suspended in the mineral medium minus the ammonium and SPKO. This cells suspension was used to inoculate the flasks with different ammonium ion concentrations. The ammonium ion concentrations used were (g L 21 ): 0.008, 0.04, 0.08, 0.24, 0.40, 0.56 and 0.80 with 0.5% (w/v) SPKO. The starting optical density of all cultures at 450 nm (OD450) was approximately 0.1206 (+0.001) units. Samples were withdrawn at regular intervals and centrifuged. The collected cells were washed twice in saline prior to optical density determination at 450 nm (OD450) with saline as blanks. If necessary, appropriate dilution of the cells with saline was performed so that the OD450 recorded is within the linear range of pre-determined calibration.
Overall specific growth rate, m (h
21
) was calculated according to Bitar and Underhill (1990) , described in equation (3):
where OD450 t1 being the optical density at 450 nm at time t 1 , OD450 t2 is the optical density at 450 nm at time t 2 , and t 2 2 t 1 is the sampling interval.
Effect of Carbon-to-Nitrogen (C/N) Ratio
The effect of different initial C/N ratio on yield of biomass and PHA MCL , and on PHA MCL content of the cells was studied using shake-flasks. Cells were first grown in the rich medium to obtain biomass without PHA MCL . After cultivation for 24 h, cells were aseptically harvested by centrifugation at 48C. This was transferred aseptically into mineral medium for PHA MCL production. All flasks were inoculated with 2.5 (+0.3) g L 21 cells. The sole carbon and energy source was SPKO with ammonium as the nitrogen substrate. The cultivation was carried out for 36 h whereby the cells were harvested by centrifugation at 48C. Pellets were washed twice with saline, and then with methanol before oven-dried (508C) until constant weight. PHA MCL was obtained from dried biomass using solvent extraction (Tan et al., 1997) .
Batch Fermentation
Inoculum was added at 10% v/v of the fermenter working volume. The temperature and the pH were maintained at 30 (+0.5)8C and 7.0 (+0.05), respectively; with the agitation rate of 600 rpm and the aeration rate of 0.6 L min 21 of filtered air. Silicone anti-foaming agent (BDH) was included in the fermenter at 1.0 g L 21 . Samples were withdrawn at regular intervals.
Fed-Batch Fermentation
The fermentation was carried out using fermenter setup as in the batch with the addition of the feeding routine.
The fermentation was performed as batch start-up and at 9 h the feeding commenced. SPKO-to-ammonium (6.9 mole: 1 mole) in the mineral salt solution. Feeding was carried out using Masterflex 7521 -35 peristaltic pump at a constant flow rate of 0.14 L h 21 (0.056 g ammonium h 21 ). The contents of the feed reservoir were continuously stirred using magnetic stirrer to obtain a homogenous feed into the fermenter.
Analytical Methods
All measurements were performed in triplicates. Total biomass concentration was estimated by first spinning down the cells in pre-weighed micro-centrifuge tubes. The cells were then washed twice with saline solution and dried at 908C till constant weight.
The residual ammonium in the cell-free culture medium was determined using spectrophotometric method (Solorzano, 1969) .
The residual free fatty acids from SPKO in the culture medium supernatant were estimated by solvent titration (Cocks and van Rede, 1966) .
To obtain PHA MCL production profile, 8.0 mg of dried cells were subjected to acid-catalysed methanolysis and the PHA amount and composition were determined by gas chromatography (GC) using benzoic acid methyl ester as the internal standard (Brandl et al., 1988) . The gas chromatograph used was Varian Star 3400CX equipped with a fused silica capillary column (30 m Â 0.53 mm ID) (Supelco SPB TM -608) and a flame ionization detector. For molecular weight determination, the PHA was first extracted by refluxing 1.0 g cells (dry weight) in 200 mL chloroform for 4 h. The mixture was filtered to remove cell debris and the filtrate was concentrated by rotary evaporation. The concentrated chloroform was added slowly to a rapidly stirred cold methanol to precipitate the PHA. The film was re-dissolved in chloroform and precipitated again in cold methanol to purify the polymer. The PHA film obtained was air-dried.
The average molecular mass and molecular mass distribution of the extracted PHA were obtained by gel-permeation chromatography, using a TOSOH HLC-8020 Gel Permeation Chromatograph (GPC) (Japan) instrument, equipped with two GMH XL m-styrogel columns (10 3 - 10 5 ) and a UV 254 nm refractile index detector. Approximately 2 mg mL 21 polymer sample was eluted by tetrahydrofuran at a flow rate of 1 mL min 21 at 408C and injection volume in all cases was 200 mL. The instrument was calibrated using polystyrene standards (TSK Standard Polystyrene, TOSOH Japan) of low polydispersity. The molecular weight range is 500-1 090 000.
Data Analysis and Calculations
The calculations for kinetics data were performed using MATLAB 6.1 software (The MathWorks Inc.).
Calculation for volumetric productivity of PHA MCL (F) was according to Yamane (1992) , as shown in equation (4).
where
In this case where the fermentations were at the bench-scale, t d ¼ 0.
PHA MCL yield from the SPKO supplied (Y P/C ) for the batch fermentation was calculated as in equation (5):
where PHA maximum ¼ maximum mass of PHA (g) attained;
PHA initial ¼ mass of PHA (g) at the start of cultivation; SPKO initial ¼ mass of SPKO (g) at the start of cultivation.
Residual biomass yield from SPKO supplied (Y R/C ) for batch fermentation was calculated as in equation (6):
where residual biomass ¼ total biomass minus PHA mass (g); R maximum ¼ maximum mass of residual biomass (g) attained; R initial ¼ mass of residual biomass (g) at the start of cultivation. To calculate the residual biomass yield from ammonium (Y R/N ), the same equation was used except that SPKO initial term was replaced by initial ammonium mass, NH 4initial þ (g). In the case of fed-batch cultivation, the PHA MCL yield from the SPKO (Y P/C ) was calculated as in equation (7):
where SPKO initial þ SPKO fed ¼ mass of SPKO (g) at the start of cultivation plus mass of SPKO added during feeding (g).
Residual biomass yield from SPKO supplied (Y R/C ) was calculated as in equation (8):
To calculate the residual biomass yield from ammonium (Y R/N ), the same equation was used except that (SPKO initial þ SPKO fed ) term was replaced by initial ammonium mass plus mass of ammonium added during feeding i.e., (NH 4initial
Numerical Calculations
A least-squares method using Marquardt -Levenberg's algorithm was used for parameter optimization. The calculations were performed using MATLAB 6.1 software (The MathWorks Inc.).
RESULTS AND ANALYSES
Effect of SPKO Concentrations on the Volumetric
Oxygen Transfer Coefficient (K L a)
Since SPKO is a highly reduced substrate metabolized through an aerobic b-oxidation pathway, adequate oxygen supply to the cells in the PHA MCL fermentation is important to maximize yield and productivity. Due to the soap-like properties of the SPKO, it would be reasonable to expect that its presence in the liquid medium could affect the efficiency of oxygen transfer to the fermentation system. . The foaming was extremely heavy during the K L a determination at SPKO concentration more than 10.0 g L 21 and hence the whole procedure had to be terminated. This was due to the foam leaking through the gas exhaust at the top of the fermenter steel flange. As the exhaust is connected to a water reservoir via silicone tubing, it can be immediately seen that the foaming deposited out significant amount of the carbon source in the reservoir. The estimated K L a values for the three SPKO concentrations studied are shown in Table 3 .
The K L a value for distilled water was the highest at 0.0313 (+3%) s in the liquid medium caused a reduction in K L a value by 50%. It is suggested that further increased in the SPKO concentration would have caused the K L a to decline even further. It has been reported that surface active agents e.g., sodium laurate sulfate at 10 m g L 21 can reduce the K L a in the fermenter by 50% (Aiba et al., 1973) . Structurally similar fatty acids are an example of organic compound that could act as surface active agent. In practice, this information is valuable as the range of SPKO concentrations used in this study for the subsequent bioreactor experiments should be between 1.0-10.0 g L 21 .
Effect of Ammonium Concentration on the Specific Growth Rate (m)
The effect of ammonium ion concentrations on the specific growth rate (m) of the cells was studied using shake-flasks. The calculated m at different ammonium concentrations are shown in Figure 1 . It is obvious that m increased with the increase in ammonium ion concentrations and reaching its maximum value around 0.1 g L 21 of ammonium ion concentration. When the ammonium ion concentrations were further increased, the m started to decline indicating inhibition by substrate. Suzuki et al. (1986a) . This concentration range where m is maximal in this study (0.1 g L
21
) is slightly lower than reported by Belfares et al. (1995) i.e., 0.4 g L 21 for W. eutropha DSM545, when ammonium ion (in sulphate salt form) was used as nitrogen source.
They also reported that in their shake-flask experiments using glucose as a carbon source, increasing amount of the ammonium ion concentrations caused a linear inhibition of growth above this threshold concentration (0.4 g L 21 ). The value of m obtained in this study also decreased in an almost similar manner with increasing ammonium ion concentrations above 0.2 g L 21 (Figure 1) . Beaulieu et al. (1995) also reported that significantly less biomass of W. eutropha DSM545 was obtained in 3% (w/v) glucose when initial ammonium ion concentrations were increased above 0.5g L 21 , indicating that growth was probably impaired at higher ammonium ion concentrations.
Growth Model and its Kinetic Parameters Estimation
It is hypothesized that the growth of the organism could be described using a substrate-inhibition form. The model equation chosen to describe growth took the form of Andrew's equation
where m max is the maximum specific growth rate (h 21 ), S is the limiting substrate i.e., ammonium (g L 21 ), K s is the substrate saturation constant (g L 21 ), and K i is the substrate inhibition constant (g L
21
). Equation (9) is a For comparison, the Monod expression would also be fitted to the experimental data, which is in the form of
The equations (9) and (10) were fitted using the data from shake-flasks experiment. The values of kinetic parameters for equation (9) (m max , K s , K i ) and equation (10) (m max , K s ) were estimated by fitting each model to the experimental data using a nonlinear least squares optimization technique by iterative methods that started with an initial guess of the unknown parameters. MATLAB 6.1 software was used for this purpose which uses the Gauss -Newton algorithm with Levenberg -Marquardt modifications for global convergence. Similar method was used successfully by Mulchandani et al. (1989) to estimate kinetic parameters for growth expression (m) of PHB-producing W. eutropha ATCC 17697, which subsequently used in modelling its growth and polymer production. In modelling the growth and PHB production by W. eutropha DSM545, Belfares et al. (1995) estimated the parameters of the specific growth rate expression using batch experiments with different initial ammonium concentrations, the result also showed substrate inhibition by ammonium. The graphical fitting of each models to the experimental data are shown in Figure 1 .
The estimated parameters value returned by the fitting function is shown in Table 4 for both models. The experimental data showed a satisfactory fit to the Andrews model with the residual sum of squares of 0.0003 as compared to Monod's, where the residual sum of squares was 0.0026. This was also evident from visual inspection of the plots in Figure 1 . The estimated parameter values agreed well with those obtained by other published works (Table 5) . Hence, the Andrews model was chosen to describe the organism's growth. For the subsequent fermentation experiments, the effective ammonium ion concentration incorporated into the medium fell within 0-1.2 g L 21 .
Effect of Carbon-to-Nitrogen (C/N) Ratio
The C/N ratio experiment served as a basis for the design of an ammonium-limited medium (in which the free fatty acids are in excess) to be fed during the fed-batch cultivations later. This approach has been successfully used to increase PHA production in various organisms and cultivation modes using different carbon substrates (Suzuki et al., 1986b; Ramsay et al., 1989 Ramsay et al., , 1992 Huijberts and Eggink 1996; Durner et al., 2001) . The optimal ratio was taken as the carbon and ammonium composition that gave the highest PHA yield (g L
) and/or highest cellular PHA MCL content (gram PHA MCL per gram dry weight of total biomass). This optimum ratio would be used in formulating the feeding medium, which contains SPKO and ammonium, for the subsequent fed-batch experiment. Carbon and nitrogen substrates used were SPKO and ammonium, respectively. The C/N ratio for the experiment is shown in Table 6 . The results of the experiment are shown in Figure 2 , PHA MCL yield (g L 21 ) and PHA MCL content (% of cells dry weight) were plotted as a function of C/N molar ratio, no significant differences were observed between C/N ratio from 3.4 : 1 to 8.6 : 1. It is noted that within the C/N range tested, the cell dry weight, PHA MCL yield and PHA MCL content were approximately similar in their respective values. C/N molar ratio of 6.9 : 1 was arbitrarily selected for use in the feeding medium of the subsequent fed-batch fermentation. At 10.3 : 1 molar ratio, however, poor results were obtained for all variables.
Higher C/N molar ratios (or relatively lower amount of ammonium) seemed to encourage PHA MCL biosynthesis possibly via the effect of nitrogen limitation. An even higher initial C/N ratio significantly reduced the PHA yield and content once the maximum is reached. The reason for this was Mulchandani et al. (1989) . 
Batch Fermentation
The initial amount of SPKO and ammonium provided were 6.8 g L 21 and 0.4 g L 21 , respectively. SPKO was the sole carbon and energy source which was in excess for both growth and PHA MCL production, and ammonium was the limiting nutrient in the medium. Growth immediately commenced after inoculation and continued until 12 h where a final 0.9 g L 21 concentration of total biomass was obtained [ Figure 3(a) ]. The increase in total biomass is due to both cellular growth and PHA MCL accumulation inside the cells. The pattern of linear growth observed is typical of a The time period where a decline in total biomass and active degradation of stored PHA coincided with the time period of ammonium exhaustion (from approximately 15 -48 h) where its residual concentration in the culture broth was lower than 0.05 g L 21 , which indicated a severe exhaustion and remained so until the end. The residual concentration of free fatty acids in the medium within the cultivation period remained above 2.5 g L
21
, which was still in excess. No oxygen limitation was observed as its partial pressure was never less than 50% of air saturation.
Kinetics of PHA MCL Biosynthesis in Batch Fermentation
In this batch culture, ammonium-limitation condition was characterized by active PHA MCL accumulation whereas ammonium-exhaustion condition was represented by active internal degradation of stored PHA MCL .
The basis of specific PHA production rate, q PHA (g PHA MCL produced g 21 residual biomass h
21
) calculation was according to Suzuki et al. (1986b) and Yamane (1992) 
where V broth is the working volume of the medium. [R] . V broth can be considered as the anabolically active biomass including proteins and nucleic acids. Therefore the q PHA based on the unit of residual biomass is described as follows:
The PHA MCL accumulation data from batch fermenter [ Figure 4 (c)] was fitted using 4th degree polynomial [ Figure 4(a) ]. The polynomial form was as follows: . This is nearly 90% less than the maximum PHA SCL accumulation rate attainable in their batch culture studies.
Fed-Batch Fermentation
The cultivation was started in a batch mode (1.0 L) before switching to a fed-batch via initiation of feeding. The initial amount of SPKO and ammonium in the fermenter were 6.8 g L 21 and 0.16 g L
21
, respectively. In the batch start-up phase, the cellular growth and intracellular PHA MCL accumulation contributed to the increase in the concentration of total biomass [ Figure 5 profile was linear during the batch start-up phase, which is characteristic of substrate-limited growth. Final total biomass obtained was 2.1 (+0.1) g L 21 . The consumption of ammonium followed the growth trend until the commencement of feeding [Figure 5(b) ]. m max during the batch start-up growth phase was approximately 0.27 h 21 , which is higher than in batch fermentation. Higher ammonium ion concentration in batch fermentation could have caused growth to be slightly inhibited.
The mass of R remained essentially constant from the start of feeding (0.83 + 0.04 g) until the end of the experiment (0.84 + 0.02 g). This shows that the increase in the total biomass was largely due to the increase in the PHA MCL amount being accumulated intracellular by the cells. . This is regardless of the initial ammonium concentrations used in this study, which was 0.4 g L 21 and 0.16 g L 21 for the batch and fed-batch fermentations, respectively. The decline of PHA MCL concentrations and content is ascribed to the action of intracellular PHA MCL depolymerase. The free fatty acids concentrations were estimated to be no less than 4.0 g L 21 throughout the fermentation with final total biomass of 2.1 (+0.1) g L
. Throughout the cultivation, the partial oxygen pressure was never less than 50%.
Kinetics of PHA MCL Biosynthesis in Fed-Batch Fermentation
The nitrogen source feeding (0.056 g ammonium h 21 ) together with SPKO was to supply low concentration of ammonium and excess carbon source in the form of free fatty acids during the PHA MCL biosynthesis stage.
The calculation for the q PHA was the same as described for the batch cultivation. In addition, the amounts of culture broth (V broth ) in a fed-batch culture is time variable. The PHA MCL accumulation data from fed-batch fermenter was fitted using 4th degree polynomial [ Figure 6 (a)]. The polynomial form was as follows:
From Figure 6 (b), it can be seen that during the batch startup phase of the cultivation, ammonium concentrations in the culture medium gradually declined to become almost zero. This resulted in a rapid reduction in the specific PHA MCL biosynthesis rate, q PHA [ Figure 6(c) ]. However, when the feeding begins, certain level of residual ammonium was present in the culture liquid rather than completely exhausted, and the q PHA started to recover and reached the maximum rate of approximately 0.6 g PHA MCL 21 residual biomass h 21 in the chemostat cultivation of Pseudomonas oleovorans using n-octane as carbon source.
In fed-batch cultures using fixed-rate ammonia feeding, 60% PHA SCL content of the Protomonas extorquens was obtained faster at 58 h with constant ammonia feeding rate at 0.08 g h 21 , as compared to nearly 100 h for the same PHA SCL content in the case without ammonia feeding (Suzuki et al., 1986b) . Improved volumetric PHA SCL synthesis rate from 0.1 to 0.99 g PHA SCL produced L 21 h 21 was recorded by Bitar and Underhill (1990) during the period of ammonium supplementation to the batch culture of W. eutropha. A similar effect was seen with regards to the maximal specific rate of monomer production of PHA SCL (0.125 g 3-hydroxyalkanoates monomer produced g 21 residual biomass h 21 ), where the rate was maintained for longer periods in nitrogen fed cultures than in the nitrogen exhausted culture (Aragao et al., 1996) . The results obtained here are also comparable to that of pHstat fed-batch fermentation using carbon-to-nitrogen (C : N) ratio of 20 g octanoic acid g 21 ammonium nitrate (Beom, 2002) . Using P. oleovorans, highest PHA MCL content of 75% was obtained at this C : N ratio with 0.63 g L 21 h 21 productivity. In this study, the deterioration in the specific PHA MCL production rate by P. putida PGA1 was successfully reversed by feeding mineral salt solution which contains fixed ratio of SPKO-to-ammonium. Furthermore, the feeding enhances the biosynthesis of PHA as seen by the concomitant increase in both the PHA MCL concentration and content. The feeding of residual ammonium concentrations in the medium has a positive effect on the culture viability and in boosting the PHA MCL accumulation.
Kinetics of SPKO Utilization in Batch and Fed-Batch Fermentations
An important aspect to be investigated in this study was the utilization kinetics of free fatty acids mixture, as they supply the sole carbon and energy substrate for growth and PHA MCL production. The utilization kinetics was studied during the growth period of P. putida PGA1 in batch and fed-batch fermentations. From Figure 7 , it is shown that the utilization of free fatty acids mixture from SPKO followed a zero-order type of reaction kinetics for both batch and fedbatch fermentations. Hence, an increase in the effective concentration of SPKO in the medium may not have much effect in encouraging better uptake of SPKO by the cells. This also indicated that the utilization of the free fatty acids from the aqueous medium into the cells was subjected to mass transfer limitation. In practical sense, it is better in future that the SPKO be supplied to the fermentation via controlled feeding as this can avoid the toxic effect of the free fatty acids mixture to growth. It will also reduce the risk of heavy foaming and deterioration in K L a values. Furthermore the high batch wise supply of SPKO does not seem to improve its rate of utilization by the cells. It appears that the fed-batch culture had a better utilization rate of free fatty acids as compared to the batch culture i.e., SPKO utilization rates of 20.348 (+0.019) h 21 and 20.067 (+0.005) h 21 , respectively. The amount of residual biomass present during this uptake period however was approximately 0.1-0.8 g L 21 for both fermentations. Hence, the difference in the utilization rate of free fatty acids between batch and fed-batch modes could be related to the higher specific growth rate in fed-batch (0.27 h 21 ) as compared to batch (0.10 h 21 ).
Comparison Between Batch and Fed-Batch Cultivations
The performance between the two cultivation modes was evaluated in terms of their volumetric and specific productivities, yield, biomass concentration, product concentration and PHA MCL content (Table 7) . It is clear that the fed-batch cultivation mode is superior to batch cultivation. In terms of volumetric productivity,F, the fed-batch is at least 25 times higher than the batch. The calculated productivity of 0.07 g L 21 h 21 and 71.4 (+2.0)% PHA MCL content using the fed-batch mode in this study is higher than reported for the PHA production using an industrial scale fermenter of 20 000 L (Chen et al., 2001) , where Aeromonas hydrophila 4AK4 was used to produce PHA from lauric acid under ammonium-limited conditions with the overall PHA productivity of 0.04 g L 21 h 21 and PHA content of 22% from the total dry biomass.
Better PHA MCL yield from SPKO (Y P/C ) was also obtained using the fed-batch compared to batch cultivation (Table 7) . Lower residual biomass yield on ammonium (Y R/N ) as the growth limiting substrate in the batch cultivation indicated that the organism's growth was slightly affected by high ammonium concentration, as compared to fed-batch with lower ammonium concentration. Improved q PHA , final total biomass and product concentrations were obtained using fed-batch mode (Table 7) . This was evident from the final PHA MCL content obtained i.e., 71.4 (+2.0)% from total dry biomass weight. This represents the highest reported value for this particular strain using SPKO as the sole carbon and energy source. Furthermore, this high PHA MCL content was achieved within 12 h in the fed-batch cultivation, which is relatively a short period of time. These data supported the earlier suggestion that slight ammonium feeding during the active PHA MCL biosynthesis stage was preferable for maintaining the anabolic activity to accumulate intracellular PHA MCL under ammonium-limited condition.
Further comparison with other published data is shown in Table 8 . From Table 8 , it can be seen that free fatty acids mixture from SPKO can be an excellent substrate for PHA MCL production in the fermenter in place of the generally more expensive pure fatty acids. The Y P/C from free fatty acids mixture compared quite well with the yields from pure acids. In the case of Y R/C , most of the carbon from the pure acids seemed to be directed for growth rather than for PHA MCL biosynthesis which was indicated by higher Y R/C values. In terms of specific PHA MCL productivity, the use of free fatty acids mixture yields a superior rate relative to the pure fatty acids fermentations. This is important if the volumetric PHA MCL productivity of the fermentation and cellular PHA MCL content were to be improved, which is evident from the higher P/X value obtained in the cultivation using free fatty acids mixture (Table 8) .
Bitar and Underhill (1990) reported higher PHA SCL content approximately 70% was achieved by ammonium Table 7 . Comparison between the batch and fed-batch fermentation modes. Keys: maximum total biomass concentration, X; maximum PHA concentration, P; maximum PHA content, P/X; maximum specific growth rate, m max ; residual biomass yield on ammonium, Y R/N ; PHA MCL yield on SPKO, Y P/C ; volumetric productivity, F; specific PHA production rate, q PHA .
a
The maximum values calculated during the active PHA accumulation phase under ammonium-limitation. It is clear that feeding with a small quantity of ammonium during the PHA MCL accumulation phase improved the q PHA of the P. putida PGA1 under ammonium-limited condition, resulting in higher PHA MCL concentration and content. On the other hand, cultivation without ammonium feeding yielded significantly reduced q PHA value with low PHA MCL concentration and content.
Monomer Compositions and Molecular
Weight of PHA MCL
Monomer compositions of the PHA MCL produced during batch and fed-batch fermentations were also studied. The constituent monomers of PHA MCL synthesized by P. putida PGA1 when SPKO is the sole carbon and energy source are 3-hydroxyoctanoate (C 8 -), 3-hydroxydecanoate (C 10 -), 3-hydroxydodecanoate (C 12 -), 3-hydroxytetradecanoate (C 14 -) and 3-hydroxyhexadecanoate (C 16 -). In batch fermentation, the relative molar fractions of these monomers are almost constant up to 12 h of cultivation time at which point PHA MCL accumulation is maximum [Figure 8(a) ]. Beyond 12 h, strong degradation of stored PHA MCL by the cells and total biomass decline can be observed.
In fed-batch fermentation, there was a gradual increase in the C 8 -, C 10 -and C 12 -molar fractions of the PHA MCL in the first 4 h of cultivation. At the same time, the C 14 -and C 16 -molar fractions started to decrease in relative proportion to the increase in the C 8 -, C 10 -and C 12 -molar fractions [Figure 8(b) ]. After 4 h, all the molar fractions of the constituent monomers remained relatively constant until the end of fermentation.
In both cultivations, C 8 -fraction was the pre-dominant monomer with molar fraction as high as 55 mole%; the other monomer constituents were present at varying relative amount i.e., C 10 15 -30 mole%; C 12 5-10 mole%; C 14 5-20 mole% and C 16 15-30 mole%.
The molecular weight (M w ), molecular number (M n ) and polydispersity (M w /M n ) of the PHA MCL produced in batch and fed-batch fermentations are shown in Table 9 . The PHA MCL obtained from both cultivations have high molecular weight and similar polydispersity. These values are similar to the PHA MCL molecular masses reported by Tan et al. (1997) in their shake-flasks study when SPKO was used as carbon substrate for PHA MCL production by P. putida PGA1 (i.e., 124 000 M w , 58 800 M n and 2.1 M w /M n ).
Simulation of Growth and PHA MCL Production in a Two-Stage Chemostat System
The possibility of using a two-stage chemostat system for the process is also examined. The growth and product formation steps need to be separated since optimal conditions for each step are different, hence justify the use of a twostage system. Optimal growth is favoured under balanced cultivation conditions. For product formation as in the case of PHA MCL fermentation, the conditions are essentially imbalanced. The singular difference here is the optimal C/N ratio for PHA MCL production as was shown in the fed-batch fermentation. It is proposed that the first-stage chemostat is used for primarily residual biomass (R) growth; with the carbon, nitrogen and other minerals supplied in stoichiometric proportion for optimal growth. The second-stage chemostat is used for the PHA MCL production, (P) with the optimal C/N ratio medium composition as the main characteristics. Growth in this stage involved intrinsically unbalanced growth, even though it is steady-state growth. New cells entering this stage are continuously adapting to the new conditions.
The fermentation profiles obtained from the fed-batch fermentation were used for the graphical approach on the two-stage chemostat design, as proposed by Shuler and Kargi (1992) . However, the transfer of the information from batch growth curve to predictions of the two-stage system still requires the assumption of balance growth. The growth data as a function of time, t was fitted with the polynomial form as shown in equation (15):
The PHA MCL production data was fitted with the polynomial form as follows:
This approach required plots of dR/dt versus R t and dP/dt versus P t which was accomplished by using MATLAB 6.1 software. R t and P t each represents residual biomass concentration and PHA MCL concentration at time t, respectively. The intersection of the reaction curve with a line from mass balance equation of the form
where n represents nth stage; r is the reaction rate; S is the substrate; and D is the dilution rate; determined the exit concentration of R or P. Assuming that the working volume of the fermenter was 700-L, this corresponds to 1.4 kg mass of PHA. It is immediately obvious that the use of two-stage chemostat system theoretically does not guarantee a significantly higher PHA MCL production than the fed-batch system for the process to be economically viable. The better choice in terms of cost would be the use of the fed-batch fermentation system.
DISCUSSION AND CONCLUSIONS
Crude fatty acids mixture has a high potential to be used as feedstock in a large-scale fermentation processes. Therefore, it is imperative to elucidate aspects related to the use of these substrates in fermentation. These include physical and biochemical related effects particularly those that have important implications for process improvement and scale-up. In this work, such effects of SPKO on the fermentation were studied to provide guidelines for an integrated and rational process design when using this substrate as feedstock. The use of crude fatty acids mixture with long chain carbon atom necessitates that the metabolism of the organism to be highly aerobic i.e., b-oxidation. Provision of adequate gaseous oxygen in aerobic fermentation already posed significant difficulty in itself, which is further exacerbated if the major substrate used also plays a role in lowering the oxygen transfer capability of the system to the respiring cells, causing their metabolism to be oxygen-limited. This is the current observation with the use of SPKO as the sole carbon and energy source in the fermentation. Batch wise supply of SPKO in a minimum amount for the fermentation may solve the problem to some extent. On the other hand, the PHA MCL accumulation is influenced by suitable range of carbon-to-nitrogen ratios, this could resulted in a condition that is not conducive for such process. It is suggested that intermittent controlled-feeding can be used to overcome this technical difficulty, where the rate and timing of feeding are digitally coupled to a routine that incorporated a priori estimated fatty acids uptake rate of the organism. This could help in providing adequate oxygenation rate and avoid the toxic effect of over-supplying free fatty acids to the cells, whilst keeping the conditions within suitable range for growth and PHA MCL production by the organism.
It was also observed that the presence of small amount of ammonium in the fermentation culture is important to maintain the growth capacity of the organism, as only viable residual biomass has the biochemical capability to synthesize and store the PHA. Thus, even though nitrogen source limitation stimulated PHA synthesis, complete nitrogen deficiency is detrimental to microbial PHA MCL biosynthetic activity as was observed in the batch fermentation. Exhaustion of ammonium is detrimental to culture physiology resulting in biomass death and biodegradation of stored PHA MCL . It hypothesized that certain amount of residual nitrogen is needed for the cells maintenance purpose during the non-growth phase like the PHA production phase, this is analogous to the cells' requirement of energy maintenance for non-growth purposes provided by the carbon source. It is interesting to note that the K S value of Andrews model i.e., 0.02 (+0.01) g L 21 returned by the fitting algorithm was very close to the designated ammonium limitation zone in batch and fed-batch fermentations which was less than 0.05 g L
21
. The parameter K S is normally defined as the 'substrate concentration which give half of the maximum specific growth rate, m max '. Typically, growth of an organism around the K S value is representative of substrate-limited growth which is approximately linear. However, in the presence of significant amount of actively growing biomass, the transition from ammonium-limited to ammonium-exhausted condition can be abrupt. This resulted in the biomass started to lose their viability and PHA MCL accumulation capacity, which was observed in this study. It is proposed that during the PHA MCL fermentation with this particular strain, the K S value can be used as a basis to designate the boundary between ammonium-limited and ammonium-exhausted zones. Maintaining the residual ammonium concentration above the exhaustion zone and at the same time keeping it below growth inhibition concentration of 1.2 g L 21 can be achieved by controlled-feeding of ammonium as to keep the biomass alive and sustain their PHA MCL biosynthetic capability. This, however, requires that the aqueous residual ammonium concentration to be monitored on real-time and online basis, with acceptable accuracy. Although this study indicated that the cultivation condition should be maintained under 'ammonium limited' rather than 'ammonium exhausted' in order to maintain culture viability, other published works showed that biomass and PHA concentrations continue to increase, or at least remained stable after ammonium concentration dropped to extremely low values in batch fermentation (Sonnleitner et al., 1979; Heinzle and Lafferty, 1980; Mulchandani et al., 1989; Belfares et al., 1995; Durner et al., 2001) . Bacterial strains used in these studies were W. eutropha and P. oleovorans. Thus, it can be seen that the effect of ammonium exhaustion on PHA biosynthesis may be different from one strain to another. Kim et al. (1997) suggested that there would exist some optimal concentrations of ammonium and dissolved oxygen to maintain cell viability high enough to accumulate PHA MCL since its concentration depends on both the cell concentration and its cellular content; therefore, a minimal supply of these are necessary to achieve a high PHA productivity. This was based on their results from the two-step fed-batch fermentation of P. putida BM01 using combined glucose and octanoate as carbon sources, where ammonium was used as the limiting nutrient and supplied in a fixed ratio to octanoate in feeding solution during the PHA MCL accumulation phase.
The mode of cultivation has little influence on the properties of PHA MCL produced by P. putida PGA1 from SPKO. The polymers obtained from the different fermentation modes exhibited high molecular masses and relatively similar monomer compositions with 3-hydroxyoctanoate (C 8 ) as the pre-dominant monomer.
It is concluded that PHA MCL production can be improved by feeding residual ammonium concentrations in the culture liquid. This is supported by the comparison of the PHA MCL production kinetics from the batch and fed-batch fermentations as shown in this study. 
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